INTRODUCTION
Mitochondria play a major role in the energy metabolism of all living cells (1) . The intracellular distribution of mitochondria is generally believed to be almost uniform, but when energy requirements are unevenly distributed, mitochondria tend[ to aggregate at sites of energy demand (2, 3) . Various reports have shown that the configuration and distribution of mitochondria vary with changes in cell function, such as metabolic changes and during cell proliferation and differentiation (4) (5) (6) (7) (8) (9) (10) (11) . Another study has reported that the mitochondria of oocytes accumulate in the perinuclear region during meiosis before aggregating around the spindles (12) . In all of these reports, however, certain stage of the cell cycle has been observed only in fragments, and there have been no reports of systematic observations of sequential changes in the pattern of distribution of mitochondria. In this study, to elucidate the role of mitochondria in the cell cycle, the development of mouse oocytes and embryos was observed over time, and the changes in the distribution of mitochondria were investigated sequentially by fluorescence microscopy and transmission electron microscopy. Mammalian oocytes or embryos provide favorable material for analysis because of their large volume, about 100 times that of somatic cells, making observation easy. In addition, it is easy to synchronize the cell cycle.
MATERIALS AND METHODS

Collection of Oocytes and Embryos
ICR female mice, at 4 weeks of age, were intraperitoneally injected with 5 U of pregnant mare serum gonadotropin (PMSG; Teikoku Zoki Co., Tokyo) and then with 5 U of human chorionic gonadotropin (hCG; Teikoku Zoki Co.) after a 48-hr interval to induce superovulation. Oocytes were collected from antral follicles before hCG injection and at 1-hr intervals from 1 to 14 hr after hCG injection. The oocytes were then freed of surrounding granulosa cells (if present) by repeated passage through a micropipette. Embryos were collected from the oviducts of female mice, which had been housed overnight with male mice of the same strain, at l-to 2-hr intervals from 17 to 54 hr after the injection of hCG. Cumulus cells (if present) were removed by treatment with hyaluronidase.
Nuclear Staining of Oocytes and Embryos
The stages in meiosis and the first and second mitosis are well characterized and can be accurately predicted after hCG injection (12, 13) , but as the first step in this study, we wanted to determine whether or not the mice bred in our laboratory showed the same maturation pattern. Therefore, we observed the mouse oocytes or embryos obtained from the mice bred in our laboratory immediately after collection with Nomarski interference of phasecontrast microscopy after lacmoid staining (14) . tion of the rhodamine 123 was achieved by irradiation with blue incident light (k = 450-490 nm, FITC band pass filter, Olympus Optical Co., Ltd.) (16) . The embryos or oocytes were photographed using ASA 400 film (Tri-X, Kodak) and an Olympus OM-4 camera. Film exposure times ranged from 5 to 10-sec.
Mitochondrial staining patterns were classified into three types: aggregation (Ag), homogeneous (H), and perinuclear accumulation (PA) as shown in Fig. 1 .
Embryo Culture
Embryos collected at 17 hr after hCG injection were washed through several drops of BWW and cultured in drops of BWW under mineral oil (Nakarai Tesque Inc., Kyoto, Japan) at 37°C in 5% CO2 in air.
Effects of Superoxide Dismutase (SOD) and Thioredoxin (TRX)
Embryos were collected from four to six females at 17 hr after in hCG injection and pooled in a 100-~x 1 droplet of BWW. Twelve to 18 embryos were randomly introduced into the droplets of one of the
Vital Fluorescent Mitochondrial Staining in Oocytes and Embryos
Mitochondria were stained with the vital fluorescent mitochondrial stain rhodamine 123 (Eastman Kodak) using the method of Johnson et al. (11) with minor modifications. Embryos or oocytes were placed in drops of Biggers-Whitten-Whittingham's medium (BWW) (15) containing rhodamine 123 (10 wg/ml) for 15 min at 37°C. The stained embryos or oocytes were mounted on an Olympus epifluorescent microscope fitted with a rhodamine filter (Olympus Optical Co., Ltd.). Maximal excita- following media: (a) BWW, (b) BWW + 200 ~xg/ml recombinant-human SOD (Nihon Kayaku Co., Tokyo), and (c) BWW + 500 ixg/ml TRX (from Escherichia coli, Promega Co., WI). After a 96-hr culture, we observed the developmental stages of embryos morphologically and compared the culture efficacy among the three groups. The experiments were replicated eight times. Moreover, in another series of experiments, embryos were stained with rhodamine 123 by the method described above in the early (35 hr post-hCG injection), mid (40 hr post-hCG injection), or late (48 hr post-hCG injection) two-cell stage.
Ultrastructural Observation of Mitoehondria in Embryos in Vivo and in Vitro
To determine whether or not there is a difference between the in vivo and the in vitro morphologies of mitochondria, mitochondria of embryos cultured in BWW were ultrastructurally observed at the mid two-cell stage and compared with mitochondria from embryos grown in vivo. The embryos were fixed in a solution of 4% paraformaldehyde and 4% glutaraldehyde in 0.1 M phosphate buffer for 60 min at 4°C, postfixed in 1% OsO4 for 30 min, dehydrated with ethanol, and embedded in Spurr's resin. U1-trathin sections were prepared using an LKB ultrotome, stained with uranyl acetate and lead citrate, and then examined using a JEM-100CX electron microscope. (Tables I  and II) All the oocytes possessed germinal vesicles (GV) before the administration of hCG. Eighty percent of the oocytes showed germinal breakdown (GVB) 2-4 hr after the administration of hCG, 83.3% were in meiotic metaphase I (M I) 7-9 hr after hCG, 73.5% showed abstriction of the first polar body (PB1) 10-12 hr after hCG administration, and 85.3% showed arrest at meiotic metaphase II (M II) 13-14 hr after hCG administration. All oocytes developed to the pronuclear stage (PN) 18-27 hr after hCG administration. At least 66.7% were in mitotic metaphase I (Mit I) 31-32 hr after hCG administration and at least 39.7% were in mitotic metaphase II (Mit II) 46-48 hr after hCG administration.
RESULTS
Nuclear Staining of Oocytes and Embryos
Changes in the Distribution of Mitochondria in
Oocytes and Embryos Grown in Vivo (Table III, Figs. 2a-j) Most (87%) of the oocytes in the GV stage (before hCG administration) showed the H pattern of mitochondrial distribution in their cytoplasm (Fig. 2a) , and 36% of the oocytes showed the PA pattern in the GV breakdown stage (2-4 hr after hCG administration) (Fig. 2b) . The frequency of perinuclear accumulation of mitochondria increased to 76% in the M I stage (7-9 hr after hCG administration) (Fig. 2c) . After PB1 abstriction (10-12 hr after hCG administration), 97% of the oocytes exhibited the H pattern again (Fig. 2d) . All the oocytes in the M II stage (13-14 hr after hCG administration) showed the H pattern (Fig. 2e) . After fertilization, however, many small aggregations were observed in 71% of the embryos and accumulation at the periphery of the male and female pronuclei became marked 24 hr after hCG administration (Fig. 2f) . Most (84.4%) of the one-cell embryos in the Mit I stage (31-32 hr after hCG administration) showed accumulation in the perinuclear region (Fig. 2g) . In the early two- cell stage (35 hr after hCG administration), all embryos exhibited the Ag pattern (Fig. 2h ). In the middle two-cell stage (40 hr after hCG administration), however, the H pattern was shown again (93%) (Fig. 2i) . In the late two-cell stage (48 hr after hCG administration) (Fig. 2j) , 68.4% of the embryos showed the PA pattern.
Embryos Cultured in Vitro (Table IV) In the early two-cell stage (35 hr after hCG administration), all of the cultured embryos showed the Ag pattern as had in vivo embryos of the same stage. In the middle two-cell stage (40 hr after hCG administration), however, all cultured embryos still showed the Ag pattern, while 93% of the in vivo embryos of the same stage had exhibited the H pattern. Moreover, in the late two-cell stage (48 hr after hCG administration), mitochondrial aggregation became marked in cultured embryos, while 68.4% of the in vivo embryos of the same stage showed the PA pattern.
Effects of SOD and TRX
The morula-to-blastocyst rates at 96 hr after culture were 0, 77.7, and 80.3% under culture conditions a, b, and c, respectively. The rates of embryos showing developmental block at the two-cell stage were 92.0, 3.6, and 3.6%, respectively. These resuits showed that SOD and TRX have the ability to overcome the two-cell block (Table V) . Mitochondrial distribution in the two-cell embryos cultured with SOD or TRX was similar to the distribution in in vivo two-cell embryos, the Ag pattern in the early stages, the H pattern in the middle stages, and the PA pattern in the late stages (Table VI) . 
Electron Microscopic Observations (Figs. 3a-d)
Electron microscopic observations revealed that mitochondrial clusters were aggregates of varioussized mitochondria (50 or more in large aggregates and 10 or more in small aggregates). They also included many mitochondria associated with lipid droplets and endoplasmic reticulum in the two-cell embryos cultured in BWW. However, each mitochondrion in the clusters appeared small, immature, condensed, and vacuolated, which is characteristic of the two-cell stage (17, 18) . There was no distinct morphological difference between these mitochondria and the dispersed mitochondria in the in vivo embryos.
DISCUSSION
As a result of nuclear staining, the oocytes and embryos were found to have reached the GV phase before the administration of hCG and the following phases after hCG administration: M I (7-9 hr), PB 1 (10-12 hr), M II (13-14 hr), PN (18-27 hr), Mit I (31-32 hr), and finally, Mit II (46-48 hr). The mitochondrial distribution in the cells was also determined at these stages; 87.0% showed the H pattern before the administration of hCG, 76.0% showed the PA pattern 8-9 hr after hCG administration, and 97.0% showed the H pattern again 10-12 and 13-14 hr after hCG administration. Fifty-two percent and 80.0% showed the PA pattern again 24 and 31-32 hr, respectively, after hCG administration following fertilization. In the early two-cell stage (35 hr after hCG administration), all the embryos showed mitochondrial aggregation in the cytoplasm, and 93.0% showed the H pattern in the mid two-cell stage (40 hr after hCG administration). In the late two-cell stage (48 hr after hCG administration), 75.0% showed the PA pattern. These results revealed that mitochondria translocated in the cytoplasm during the cell cycle. Coinciding with meiosis I starting with GV breakdown and metaphase in the first and second cell cycles, perinuclear accumulation of mitochondria occurred. Mitochondria then dispersed (12, 13) , these are the first systematic observations of sequential changes in the cell cycle. Some recent studies reported that a single giant mitochondrion with complicated reticular structure was formed in some cells; mitochondrial aggregation was suspected (19) (20) (21) . However, the aggregate in the present experiment is probably not a single giant mitochondrion, since it dispersed into the cytoplasm several hours after formation.
A great deal of ATP is required to facilitate development. It seems natural for mitochondria to translocate to sites where ATP is needed. Although details concerning the mechanism of mitochondrial translocation in the absence of any locomotive apparatus such as flagella or cilia remain unknown, some recent reports have shown the involvement of the cytoskeleton such as microtubules in this mechanism (10, (22) (23) (24) (25) (26) . The translocation of mitochondria to the perinuclear region, for instance, is mediated by microtubules according to some reports (27, 28) . Therefore, normal microtubule functioning is considered necessary for normal progression of cell division.
How, then, do the mitochondria distribute in cells whose development has arrested? Mammalian embryos are known to exhibit species-specific developmental block when cultured in vitro (29, 30) . Specifically, this phenomenon in mice is referred to as two-cell block, because developmental block occurs in the two-cell stage (31) (32) (33) . In an analysis of the cause of two-cell block, Muggleton-Harris and Brown (13) reported that mouse embryos with de-velopment arrested at the two-cell stage after in vitro culture showed more marked mitochondrial aggregation in the cytoplasm when compared to embryos that did not undergo embryogenic arrest. However, the biological significance of' this phenomenon has not been clarified yet. In the present study, by the sequential observation of mitochondrial distribution in the cytoplasm, we revealed that mitochondrial aggregation occurs in in vivo embryos, and not only in cultured embryos, in the early two-cell stage. We also revealed, in the embryos cultured in vitro, that the translocation of mitochondria was inhibited and that the dispersion of mitochondria did not occur in the mid two-cell stage. Furthermore, ultrastructural observations showed no indication of degeneration in the mitochondria themselves even in embryos showing embryogenic arrest after in vitro culture. The results suggest that the aggregation in embryos cultured in vitro is not due to mitochondrial degenerative changes but to inhibited mitochondrial translocation.
When considering the reason for the arrest of mitochondrial translocation, it is necessary to consider whether or not microtubular function and morphology have been maintained. It has been reported that the activation of maturation-promoting factors (MPF) is necessary for the aggregation and activation of the microtubule-organizing center (MTOC) (34) . It has also been demonstrated in cultured mouse embryos that the second cell cycle stopped because MPF activity was not increased and the two-cell block phenomenon occurred (35) .
The following hypothesis appears possible based on the above reports: The increase in MPF activity was inhibited by in vitro culturing; the accumulation and activation of MTOC did not occur; thus mitochondrial translocation was inhibited, eventually causing developmental block.
In recent years it has been reported that mouse two-cell block can be overcome by the addition of enzymes such as SOD, a scavenger of superoxide radicals, or TRX, a powerful protein disulfide reductase, to the culture medium (36) (37) (38) (39) . Therefore, the mitochondrial distribution in embryos cultured in vitro with these enzymes was determined in the present study. The results showed no evidence of inhibition of mitochondrial translocation but the mitochondria aggregated and dispersed during the cell cycle as is seen in embryos grown in vivo, though the translocation of mitochondria was somewhat delayed as compared with embryo grown in vivo. This finding is consistent with the report that MPF activity recovered by the addition of SOD or TRX to the medium (35) .
The present study revealed that mitochondria translocated in the cell cycle and suggested that there is a close relationship between mitochondrial translocation and developmental arrest.
